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Abstract. We propose an approach to realize a hybrid quantum system composed of
a diamond nitrogen-vacancy (NV) center spin coupled to a magnon mode of the low-
damping, low-moment organic ferrimagnet vanadium tetracyanoethylene. We derive
an analytical expression for the spin-magnon cooperativity as a function of NV position
under a micron-scale perpendicularly magnetized disk, and show that, surprisingly, the
cooperativity will be higher using this magnetic material than in more conventional
materials with larger magnetic moments, due to in part to the reduced demagnetization
field. For reasonable experimental parameters, we predict that the spin-magnon-
mode coupling strength is g ∼ 2pi × 10 kHz. For isotopically pure 12C diamond
we predict strong coupling of an NV spin to the unoccupied magnon mode, with
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cooperativity Cλ = 15 for a wide range of NV spin locations within the diamond, well
within the spatial precision of NV center implantation. Thus our proposal describes a
practical pathway for single-spin-state-to-single-magnon-occupancy transduction and
for entangling NV centers over micron length scales.
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Figure 1. Schematic view of the strong quantum-coherent coupling between NV-
center spin and magnon mode. The green disk represents the normally magnetized
V[TCNE]x ferrimagnetic material placed on top of a diamond [111] substrate possessing
NV centers.
Coherent spin centers in solids have emerged as an important solid-state quantum
platform due to their applications to quantum sensing [1, 2] and quantum information [3,
4] as well as their potential for probes of fundamental quantum mechanical properties [5].
In particular, negatively-charged nitrogen-vacancy (NV) spin centers in diamond [6, 7, 8]
are promising candidates for quantum memories and quantum networking [9, 10] due to
their long-lived spin coherence combined with spin-selective optical properties. Creating
and scaling entanglement between NV centers poses a key challenge because direct
coupling between them is too weak for separations more than ∼20 nm [11, 12, 13].
Independent and simultaneous optical readout of two NV centers so closely positioned
would require heroic efforts due to the spatial and emission-wavelength overlap of their
fluorescence.
Hence alternative schemes to couple two NV centers are of great importance,
including heralded entanglement of two NV centers via photons [14], as well as the
coupling of NV (or other color center) spins to phonons [15, 16, 17]. In addition to
those, a new scheme to couple two NV spins proposed the virtual exchange of magnons
in ferromagnetic regions separated by a one-dimensional spin chain[18]. Related work
includes experimental and theoretical demonstrations of room-temperature coupling
between NV centers and yttrium iron garnet (YIG) magnon modes in the classical
regime [19, 20, 21, 22, 23, 24, 25]. However, while YIG exhibits ultra-low magnetic
dissipation, integrating this material with diamond poses significant hurdles. First,
direct epitaxy on diamond has not been demonstrated, likely because of the substantial
lattice mismatch. Second, YIG films exhibit a sizable increase in magnon damping both
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when they are patterned [26, 27] and at low temperature [28, 29] — both of which will
be necessary to obtain strong interactions and low thermal magnon occupation. Recent
efforts to address the first two points with a high temperature (800◦C) post-growth
annealing [30] show promise in restoring intrinsic material properties, but present their
own challenges for device integration.
Here we propose a practical approach to engineer strong, coherent single-spin-single-
magnon-mode (hereafter spin-magnon) coupling, which would permit transduction
between the spin state of a single NV and the magnon occupancy of an otherwise
unoccupied magnon mode. This hybrid quantum system can enable entanglement
between NV centers separated by ≈ 1 µm. Our proposal relies on the magnetic
properties of the low loss organic ferrimagnetic material vanadium tetracyanoethylene
[31, 32, 33, 34, 35, 36, 37, 38] (V[TCNE]x) to overcome the challenges of building
and integrating low loss magnetic materials on diamond. V[TCNE]x can be grown
without lattice-matched substrates and patterned at the micron scale into arbitrary
shapes while maintaining its low magnetic damping[38] (Gilbert parameter α = 4×10−5,
comparable to very high-quality YIG, and magnon damping rate κ = 2pi×100 kHz). Our
proposal considers the resonant spin-magnon coupling (g) achievable at low temperature
(T . 100 mK) with a micron-scale disk of perpendicularly-magnetized V[TCNE]x
positioned on top of a single-crystal (111) diamond substrate with previously-embedded
NV centers (Fig. 1). Our analytical calculations predict g ∼ 2pi × 10 kHz between
an NV spin 30 nm below the diamond surface and an unoccupied magnon mode of a
micron-diameter, 100 nm thick disk. The strong in-plane fringe fields of the V[TCNE]x
microstructure efficiently couple to an NV spin with axis perpendicular to the surface
in a (111) diamond substrate[39]. The cooperativity [40],
Cλ = 4g
2
λ
nκ/T ∗2
, (1)
characterizes how often the magnon-spin system can coherently swap quantum
information between magnon occupancy and the spin state. Here T ∗2 is the free
precession coherence time of NV center, and n = 1/
(
e~ωλ/kbT − 1) the average thermal
number of magnons, where kB is the Boltzmann constant and ~ωλ is the magnon
energy. We assume[41] NV coherence time T ∗2 ≈ 1.5 × 10−3 s that is obtainable[41]
in isotopically-pure 12C diamond and note that for T . 100 mK, n ≈ 1, yielding
cooperativity C ≈ 15 for a range of NV center positions under the disk.This strong
spin-magnon coupling, when combined with suitable gates to tune the system into and
out of resonance, can be used to mediate controllable coupling between multiple NV
centers separated from each other by microns but each coupled to the magnon mode.
We further obtain an analytical formula for the spin-magnon cooperativity expressed
as a product of the magnon frequency, a geometric factor, and a material factor. This
allows us to compare the cooperativity for systems with different disk dimensions, as
well as for different materials realized with the same geometry. Using this formula
we predict a lower cooperativity for thin-film YIG compared to V[TCNE]x, due to (1)
the higher magnetic damping, and (2) the much higher resonance energy for a YIG
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magnon due to its much larger demagnetization field. We conclude with a discussion
of the (substantial) experimental challenges that must be overcome to implement this
proposal.
Magnons — The spin-magnon coupling g will be enhanced for high angular
momentum magnon modes of a perpendicularly-magnetized disk (Bdc = µ0Hdc = Bdczˆ),
which will localize the magnon mode near the edge of the disk. Analytic expressions for
the magnon mode frequencies (ω), rf magnetization (m) and fringe fields (h) for a disk
of V[TCNE]x emerge from Maxwell’s equations in the magnetostatic limit[42] together
with the Landau-Lifshitz-Gilbert equation [43, 44],
∇×H = 0, (2)
∇ ·B = 0, (3)
dM
dt
+ γM×H = − α(γ/MS)M× (M×H) , (4)
with the magnetic field H = (B/µ0) −M. Here M is the magnetization, µ0 is the
vacuum permeability, γ is the magnet’s gyromagnetic ratio, α is the damping factor and
MS is the saturation magnetization (see Supplemental Material). The disk occupies the
region D = {(r, θ, z) , r < R & |z| < d/2} and the substrate S = {(r, θ, z) , z < −d/2}
(Fig. 1). Assuming pinning of the magnetization at the edge of the disk [45, 46], we
obtain spin waves with frequencies (Supplemental material)
ωλ = γ
{
H˜20 +
H˜0MS
1 + k2i,λ/k
2
o,λ
}1/2
, (5)
where the mode index λ = (m,n, l) stands for angular (m), radial (n) and thickness (l)
modes, ki,λ and ko,λ are, respectively, the thickness and radial magnon wave numbers,
with ko,λ = β
n
m−1/R, where β
n
m−1 is the n-th zero of Jm−1(ko,λR). The analytic magnon
frequencies obtained here [Eq. (5)] were experimentally and numerically validated for
V[TCNE]x disks [38]. The fringe field hλ(r, t) = Re
{
h¯λ(r)e
−iωλt} (where h¯λ(r) is a
complex coefficient) within the S region
hλ (r, t)
m0,λ
= rˆ cos (mθ−ωλt)
[
ko,λJm−1 (ko,λr)− m
r
Jm (ko,λr)
]
eko,λz
−
[mθˆ
r
sin (mθ−ωλt)−zˆko,λ cos (mθ−ωλt)
]
Jm (ko,λr) e
ko,λz (6)
where m0,λ =
(
2γ~MS/2pik2o,λκ2IrλIzλ
)1/2
with Irλ =
∫ R
0
rdrJ2m−1 (ko,λr) the normalization
factor for the radial dependence of the magnon and Izλ the normalization factor for the
height dependence of the magnon (Supplemental material).
Figure 2 presents the fringe field hλ(r, t) [Eq. (6)] for a V[TCNE]x disk with
d = 100 nm, R = 500 nm, MS = 7560 A/m [32], Aex = 2.2 × 10−15 J/m [38],
γ/2pi = (4pi/1000) × 2.73 × 106 Hz m/A, [38] and B = Bc ≈ 56 mT. The first column
[Fig. 2(a)] displays the in plane hλ(r, t) profile for three different modes (m,n, l) at the
interface z = −50 nm between the disk D and the diamond substrate S [orange plane
Fig. 2 (a)]. The largest fringe fields occur for the lowest thickness and radial modes[47]
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Figure 2. (a) In plane fringe fields h(r) at z = −50 nm (orange plane) for the
modes (4, 1, 1), (5, 1, 1), (6, 1, 1). (b) In plane fringe fields h(r) for the mode (6, 1, 1)
at depth z = −65 nm, z = −80 nm and z = −95 nm (blue, red and yellow planes,
respectively). (c) Fringe fields h(r) for cross section view θ = 0 (blue plane) for modes
(4, 1, 1), (5, 1, 1), (6, 1, 1). The white lines delimit the disk dimensions R = 500 nm
and d = 100 nm.
l = 1 and n = 1. The larger the magnon angular index m, the more localized the
fringe field around the edge of the disk and the larger the amplitude of the fringe fields.
Therefore, high angular index magnon modes are preferred for coupling to NV center
spins.
The fringe field is largest near the interface between the magnetic disk and the
diamond, therefore producing the largest values of g. However, the coherence time for
an NV center spin decreases sharply as it approaches the surface due to magnetic noise
from uncontrolled surface spins [48, 49, 50, 51]. Recent work has shown that the spin
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Figure 3. Frequencies of NV center levels |±1〉 (blue and red solid lines), FMR and
magnons (black solid lines) as a function of external dc magnetic field Bdc parallel to
the [111] Diamond crystallographic direction and NV center axis. Inset shows a zoom-
in of the crossing region between |−1〉 level with both magnonic m = 1, 2, 3, 4, 5, 6 and
FMR frequencies.
coherence time saturates to the bulk value for depths of ≈ 30 nm [50]. For this reason,
we focus on NV centers positioned a minimum of 30 nm below the surface. Figure 2(b)
depicts the decay of the in-plane fringe field of the (6, 1, 1) mode into the diamond
substrate, showing the field at the depths of z = −65 nm, z = −80 nm and z = −95 nm
represented by the blue, red and yellow planes, respectively. Although the fringe field
decays exponentially into the diamond substrate, |h| ∝ eko,λz [Eq. (6)], the attenuation
of the field amplitude from z = −65 nm to z = −95 nm is only roughly a factor of
1/2. In the thin disk regime, R  d, |h| decays with a scale ≈ R and not ≈ d, as
eko,λz ≈ 1 + z/R. The enhancement and localization of the fringe field amplitude for
larger angular modes m can also be visualized in Fig. 2(c), where the fringe fields are
shown in a cross section plane θ = 0 [blue plane in Fig. 2(c)] for the modes (4, 1, 1),
(5, 1, 1) and (6, 1, 1).
Spin-magnon coupling — Here we investigate the coupling between magnon modes
and NV center spins. In the presence of an external magnetic field Bex, the ground
state spin 1 Hamiltonian for an NV center, written in the |ms〉 basis along the NV axis,
|−1〉 , |0〉 , |+1〉 is [52, 53, 54, 55, 4, 3, 56, 57, 58, 59, 60, 61, 7, 62, 63, 64, 65, 66, 67, 68]
HNV
2pi~
= D
(
S2z −
2
3
)
+
γNV
2pi
Bex · S (7)
where γNV is the NV-center gyromagnetic ratio, S is represented by the spin-1 matrices,
~ is the reduced Planck constant and D = 2.87 GHz is the zero-field splitting between
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|0〉 and the degenerate states at zero field |±1〉.
In Fig. 3 we plot the resonant frequencies of the uniform ferromagnetic main
resonance (FMR) mode, magnon modes, [Eq. (5)] and the NV center spin [Eq. (7)]
as a function of Bdc oriented along the [111] symmetry axis of the NV center (Fig. 1).
The frequency corresponding to the |0〉 ←→ |−1〉 transition crosses both the FMR and
magnon frequencies at Bc ≈ 56 mT and f ≈ 1.30 GHz. Due to the low saturation
magnetization of V[TCNE]x, the different angular mode frequencies associated with the
magnon modes m = 1, 2, 3, 4, 5, 6 are not resolved within the scale of Fig. 3. The
inset of Fig. 3 provides enough resolution to see that the different angular modes
m = 1, 2, 3, 4, 5, 6 and the FMR can now be distinguished.
Here we show that the spin-magnon coupling Hamiltonian [18] can be transformed
into a Jaynes-Cumming Hamiltonian [69], in which the coupling originates from the
Zeeman Hamiltonian ~γNVBex · S. The total magnetic field is a sum of the dc applied
external magnetic field Bdc and the magnon rf fringe fields hλ(r, t) [Eq. (6)]. After
applying the rotating wave approximation (RWA), and under resonant conditions, the
NV center-magnon coupling Hamiltonian (Supplemental Material)
HI = ~g?λ(rNV)a†λσD+ + ~gλ(rNV)aλσD− , (8)
with σD+ |−1〉 = |0〉, σD− |0〉 = |−1〉 and coupling between the NV center spin and the λ
magnon mode
gλ (rNV) =
√
2
4
γNVµ0 h¯+,λ(rNV) (9)
=
√
2
4
γNVµ0m0,λ
[
ko,λJm−1 (ko,λrNV)− 2m
r
Jm (ko,λrNV)
]
eimθNVeko,λzNV
for a NV center located at r = rNV = (rNV, θNV, zNV). This shows that the transition
|0〉 ←→ |−1〉 is only allowed by the left circularly polarized component of the fringe
field, i.e., h¯+,λ(r). Here we write Eq. (9) to preserve the position-dependent phase of gλ
to account for the possibility of coupling two NV spins to the same magnon mode. In
Eq. (8) the term a†λσ
D
+ (aλσ
D
− ) corresponds to the raising (lowering) of the NV center
spin, combined with a creation (annihilation) of a magnon (since the |−1〉 state has
higher energy than the |0〉 spin state). For the magnon mode λ = (6, 1, 1) at 30 nm
below the bottom disk surface (z = −80 nm), we find |h¯+,λ| ≈ 0.6 A/m [See Fig. 2(b)],
which yields g(6,1,1) = 2pi × 7.7 kHz. The magnon damping rate κ = 2pi × 100 kHz
is obtained from the homogeneous ferromagnetic resonance linewidth, κ = 2pif/Q,
where[70] Q = 1/(2α) with[38] α = 4 × 10−5 and f ≈ 1.3 GHz for V[TCNE]x.[71] As
an upper bound, κ ∼ 2pi × 300 kHz from the inhomogeneous broadening linewidth, for
which[38] Q = 3700 .
We calculate the cooperativity Eq. (1), assuming a T ∗2 ≈ 1.5 × 10−3 s that is
constant with respect to the defect depth; defects deeper than ≈ 30 nm have bulk-
like T ∗2 ’s[50, 51]. We find that the cooperativity Cλ > 1 for a wide range of positions
of the NV spin near the disk, as shown in Fig. 4 for the λ = (6, 1, 1) magnon mode.
Figure 4(a) shows Cλ for the plane positioned 30 nm below the disk (z = −80 nm),
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Figure 4. Spatial plot of the cooperativity of the λ = (6, 1, 1) magnon mode (a) at
30 nm below the disk (z = −80 nm), (b) within cross-section plane, (c) along the
teal line within Fig. 4(a), (d) along the teal line within Fig. 4(b). The dashed white
border shows the strong-coupling regime stability region where Cλ ≥ 1, where the white
rectangle indicates a tolerance for spatial implantation imprecision for the NV centers
while still achieving high cooperativity. The green lines delimit the disk dimension
d = 100 nm and R = 500 nm.
whereas Fig. 4(b) shows Cλ as a function of the NV depth in a cross-sectional plane.
Cλ > 1 within those regions surrounded by white dashed lines in Fig. 4(b). We focus on
the regions delineated by solid white lines, whose dimensions are ≥ 100 nm, because the
spatial precision of implanting NV spins is ≈ 20nm, due to straggle and finite aperture
size [72, 73]. Figs. 4(c) and (d) show the variation of the cooperativity along the teal
lines in Figs. 4(a) and (b), respectively. Therefore, two NV centers that in principle
could be directly coupled only if separated by . 20 nm, could now be coupled through
a magnon mode when separated by ≈ 2R ≈ 1 µm.
The cooperativity, Eq. (1), is the product of a geometric factor Γλ (R, d, r)
(dimension and position dependent), the reciprocal magnon energy ~ωλ and a material-
dependent factor MS/α,
Cλ = γ
2pi
T ∗2
n
(~γNVµ0)2 × Γλ (R, d, rNV)× 1~ωλ ×
MS
α
. (10)
The linear dependence on MS comes from the amplitude of the fringe fields. This
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equation provides an analytical formula for the cooperativity of any magnetic disk on
top of a diamond substrate, and thus it, along with estimates for the quantities therein,
are significant theoretical results of our work. Using this formula, we can analytically
compare the cooperativity for the same material with different disk dimensions, and for
different materials in the same geometry. For instance, we evaluate the cooperativity
for the same magnon mode (6, 1, 1) for a disk with double the diameter (R = 1 µm).
We obtain through Eq. (10) that C1µm(6,1,1) ≈ 4.5 for a NV center spin located 30 nm below
the V[TCNE]x bottom surface; in general, disks with smaller diameter than ≈ 4 µm
will permit C(6,1,1) > 1 for this magnon mode and NV depth.
Comparison with YIG.— For out-of-plane magnetization there is no resonance
between the above magnon mode in a YIG disk and NV center levels, considering low-
temperature thin film values[74, 28, 29] of MS (≈ 2200 G) (see Supplemental Material).
The shift by µ0MS of both magnon and FMR frequencies along the B axis [coming from
f ≈ γ(B/µ0−MS)] moves the magnonic and FMR dispersions away from the NV level
(see orange arrow within Fig. 3). A resonance condition occurs for MS . 1800 G or for
much higher index magnon modes. We also note that for YIG, the Hamiltonian [Eq. (8)],
coupling [Eq. (9)] and cooperativity [Eq. (10)] expressions assume a different form (see
Supplemental Material) due to coupling to the right circular polarization of the fringe
field. This occurs because the resonance occurs for magnetic fields which switch the
energies of the |0〉 and |−1〉 states. Furthermore, at low temperature the damping for
thin-film YIG increases by a factor of ≈ 6− 30, reaching ≈ 1.5× 10−3 in Ref. [28] and
≈ 18×10−3 in Ref. [29] — possibly due to the impurity relaxation from rare earth or Fe2+
ions [75, 76, 77, 78, 79, 80]. Using now Eq. (10) we compare the cooperativity between
YIG and V[TCNE]x for the same (6, 1, 1) magnon mode assuming M
YIG
S has been
somehow reduced to 1750 G. We obtain CYIG & 1 for the smallest thin-film[28] α and
CYIG ≈ 90 ≈ 6CV[TCNE]
x
for the α ≈ 5 × 10−5 observed [81, 82] in low-temperature
bulk YIG (see Supplemental Material). Therefore, we suggest that despite the large MS
of YIG (which enhances Cλ through an enhanced rf fringe field), the large observed thin-
film damping values at low-temperature currently make YIG a less favorable material
than V[TCNE]x for realizing the strong coupling regime. However, if thin-film YIG
damping values could be brought towards the bulk value αYIG,bulk [81, 82], and the
resonance frequency mismatch fixed (e.g., by reducing MS by about 25% – keeping in
mind that this would also imply an increase of the damping term), the cooperativity
could exceed that of V[TCNE]x in the desired geometry (1 µm diameter disk directly
on diamond).
Experimental challenges.— The experimental realization of this device structure
presents a series of challenges that can be grouped into four broad categories: i)
the ability to create V[TCNE]x disks on a diamond surface without loss of magnon
coherence, ii) the creation of near-surface NV centers with long spin lifetime, iii)
measurement at milli-Kelvin temperatures, and iv) developing approaches to gate the
interaction, thus enabling controlled entanglement. We briefly consider those challenges
here.
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Recent work has demonstrated that V[TCNE]x can be patterned down to micron
length scales on arbitrary substrates while maintaining damping values consistent
with the thin-film values quoted here[38] (α = 4 × 10−5). Prior results have shown
that various packaging strategies allow for measurement under ambient conditions [83]
and down to cryogenic temperatures [84]. Fluctuations of paramagnetic spins at the
diamond surface (with pre-placed or pre-identified NV centers) have been shown to
contribute to NV spin dephasing, and so in a real device some compromise must be made
between shallow positioning for increased coupling to magnons and deeper positioning
for longer spin coherence times. Combining our calculations with recent experimental
measurements of NV spin lifetime [50] suggest that a depth of roughly 30 nm will
provide the optimal cooperativity. Finally, measuring at temperatures below 100 mK
presents experimental challenges, however, they have been solved previously for both
microwave and optical measurements [81]. The damping of V[TCNE]x magnons at
these temperatures has not been studied, however we note that in studies of YIG under
similar conditions the intrinsic magnon damping decreases with decreasing temperature.
In YIG, this decrease is swamped by a dramatic increase in extrinsic damping due
to fluctuations of paramagnetic defects in the GGG substrate and in the YIG film
itself [75, 76, 77, 78, 79, 80]. We anticipate that the ability to deposit V[TCNE]x directly
onto the diamond surface will substantially mitigate these effects and may allow us to
exploit the intrinsic decrease in damping. Finally it will be important to shift the bias
magnetic field on microsecond timescales to bring the NV center spin(s) in and out of
resonance with the magnon modes. This can be achieved with Oersted fields generated
by passing currents through lithographically defined wires on the diamond surface, a
geometry previously realized for [111]-oriented NV centers[39].
Concluding remarks.— The spin-magnon coupling predicted here is suitable for
entanglement and transduction among NV spins and single magnon occupancy of
a magnon mode. Through an analytical calculation we find that for high angular
index magnon modes of a 1 µm V[TCNE]x disk, the spin-magnon coupling strength
g ≈ 2pi × 10 kHz. We also predict a cooperativity of Cλ ≈ 15 within a wide
spatial area within the diamond substrate, sufficiently far below the surface to avoid
uncontrolled surface spin noise, thus making our proposal experimentally realizable
and not sensitively dependent on the NV center position. We also calculate Cλ for
YIG instead of V[TCNE]x, and we find smaller cooperativities in the case of thin-film
YIG, due to the larger demagnetization field and the larger low-temperature, patterned
thin-film damping. The geometry and materials we propose here provide a practical
approach for strongly coupling NV centers that are separated by ≈ 1 µm, providing
possible avenues to assist quantum networking.
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